The transmembrane protein YuaF from B. subtilis is a member of the NfeD-like clan with a potential role in maintaining membrane integrity during conditions of cellular stress. njeD-genes are primarily found in highly conserved operon structures together with the gene of another membrane protein belonging to the SPFH superfamily, in this case YuaG. This strongly suggests a functional if not physical interaction between YuaF and YuaG. Secondary structure predictions of NfeD proteins that accompany SPFH proteins all indicate a high content of fJ-sheets in the C-terminal domains indicating a conserved core structure despite very low homology at the level of primary structure. Here we report the high-resolution solution structure of YuaF's soluble C-terminal domain derived from NMR data (sYuaF, residues 97-174 of full-length YuaF). Full backbone and side chain assignments of sYuaF were obtained from triple-resonance spectra. The structure was determined from distance restraints derived from 3D NOESY spectra collected at l3C", l3CO, and 13CP chemical shifts, and HNHA, HNHB and HACAHB-COSY spectra. Structures were calculated using CYANA 2.0 and refined in AMBER 8. sYuaF is composed of an extended N-terminal a-helix and a fJ-barrel formed by five fJ-strands. This fJ-sheet core structure is well known from the diverse class of OB-fold proteins and can also be found in the distantly related NfeD protein Ph0471 from the archaeon P. horikoshii. Despite significant differences of their amino acid sequences the structural homology of these proteins suggests a conserved function of SPFH-associated NfeD proteins.
which are involved in membrane organization and cellular regeneration.
The co-expression and co-regulation of yuaF and yuaG as a consequence of their occurrence in the same operon structure, and the potential link between cellular regeneration in eukaryotes and response to cellular stress in prokaryotes is indicative for a functional connection between YuaF and YuaG in particular, and between NfeD and SPFH proteins in general.
The high-resolution NMR structure of the soluble C-terminal domain of YuaF is our first step on the way to elucidate the structural and functional role of NfeD-proteins and their interplay with SPFH proteins.
Methods and results

Expression and purification
The region of yuaF which codes for the C-terminal, soluble part ofYuaF, residues 97-174 of the full-length protein, was amplified with primers F _XhoCup (A TCTCGAGTCATC TGCAGAAGAATCATTGG) and F_HindIICd (TAAA GCTTGTT AAA TGGGTTCATGCGGAG). The obtained PCR product (254 bp) was cleaved with XhoI and HindIII and inserted into pHIH01422. The fragment of yuaF was thereby fused in frame to the 3'-end of the malE gene. pHIH01422 is a pmal-c2x derivate of our lab (unpublished data) and harbours a thrombin cleavage site to cut off the MalE protein from the MalE-sYuaF construct. The inserted sequence has been confirmed by sequencing and the plasmid was named pHIH01421.
Escherichia coli BL21 were transformed with pHI-H01421 and selected on, ampicillin (lOO J.!glml)lLB agar plates. The overnight culture grew up in 20 ml LB/ampicillin and was used to inoculate I L M9 minimal medium, supplemented with 0.1 % ISNH4Cl and 0.4% 13C6-D-glucose as sole nitrogen and carbon sources, respectively. Additionally, ampicillin and BME vitamins solution (Sigma Aldrich) were added. Six hours after incubation at 37°C expression of MalE-sYuaF was induced with I mM isopropyl-{3-D-thiogalactoside and cells were harvested after 12 h.
The bacterial pellets were resuspended in buffer A (50 mM Tris, pH 7.5 and 300 mM NaCI) and ruptured by passage through a French pressure cell. After centrifugation at 100,000g for I h at 4°C the supernatant was loaded on a column packed with ~ 15 ml Amylose resin (New England Biolabs). Nearly pure fusion protein was eluted with buffer B (50 mM Tris, pH 7.5, 300 mM NaCI, 10 mM maltose). The fusion protein was incubated with thrombin protease, and completeness of digestion was verified by SDS page. Maltose binding protein (44.5 kDa) and sYuaF (S.S kDa) were separated by gel filtration, using a HiLoad 16/60 Superdex75 prep grade column (Amersham) and buffer A. sYuaF was concentrated with Amicon Ultra 4 (MiIlipore) to 1 mM. Our final yield of purified sYuaF was II mg/l of culture medium.
NMR spectroscopy
NMR experiments with the purpose of backbone, aliphatic and aromatic side chain resonance assignment were performed on a 0.9 mM I3C,ISN-labelled sample in H 2 0/D 2 0 95:5 (v:v) or in pure D 2 0 and a I mM ISN-Iabelled sample in H 2 0/D 2 0 95:5 (v:v). All sample solutions were buffered at pH = 7.5 with 50 mM Tris, and contained 300 mM NaCI and 4 mM NaN 3 . NMR spectra were recorded at 2S0 K on a 600 MHz Bruker Avance DRX spectrometer equipped with a TXI-eH, I3C, ISN) triple resonance probe, and, in case of the I3C NOESY HSQC, on a 800 MHz Bruker Avance III spectrometer equipped with a TCI-(IH, J3C, 15N) triple resonance cryogenic probe. IH, 13C, and ISN chemicals shifts were referenced using the values for reference correction obtained with the PREDITOR subprogram REFCOR (Berjanskii et al. 2006) . NMR data were processed using XWINNMRlTOPSPIN (Bruker Biospin, Karlsruhe, Germany) orNMRPipe (Delaglio et al. 1995) . For data analysis the program CARA (Keller 2004 (Schubert et al. 2002) . This is also supported by the pattern of local NOEs. Figure I shows the assigned 15N HSQC spectrum of sYuaF that resulted from the assignment procedure described above. The I H, I3C and 15N chemical shift assignments have been deposited in the BioMagResBank database with accession code 15475.
Structure determination
Distance constraints were derived from NOE cross peak volumes observed in a 600 MHz 15N-separated NOESY HSQC spectrum, a 600 MHz 13C-separated NOESY HSQC of the aromatic region, and a 800 MHz 13C-separated NOESY HSQC of the aliphatic region with mixing times of 100 ms, 120 ms, and 90 ms, respectively. Backbone torsion angle restraints were included based on the analysis of IHN, 15N, IH", 13C", I3CO, and I3C/; chemical shifts using the program PREDITOR (Berjanskii et al. 2006 ) and supported by 3J HNH <x coupling constants measured with an HNHA spectrum, and the analysis of local NOEs. The solely chemical shift-based I/J angle restraints were treated conservatively and applied in regions of confirmed secondary structure only. After close inspection of the NOE network <p angle constraints in accordance with 3 JHNH <x were also applied in loop regions (Ser 61 , Tyr 62 , Asn 72 , and VaI 75 ). In the absence of more specific information the <p angle of lIe and Val residues was constrained to -180-0° taking into account the restricted conformational freedom of these bulky amino acids. Additionally, X I torsion angle restraints derived from HNHB and HACAHB-COSY spectra were employed. Stereospecific assignments were made according to coupling constants determined from HNHA, HNHB and HACAHB-COSY spectra and the local NOE pattern. Automated iterative NOE assignment and structure calculation was carried out with the CANDID/NOEASSIGN module ofCY ANA 2.0 (Guntert et al. 1997; Herrmann et al. 2002) each NOESY spectrum to account for slight variations in sample conditions. The standard protocol of CY ANA 2.0 was used with seven cycles of combined automated NOE assignment and structure calculation of 100 conformers in each cycle. The final set of restraints was obtained by adjusting upper distance bounds to account for spectral overlap and by manually resolving ambiguities. It consisted of 1526 distance and 97 dihedral angle restraints which were used to calculate 400 conformers by torsion angle dynamics simulated annealing in CYANA. The 100 structures with lowest target function served as starting structures for refinement in AMBER 8 (Case et al. 2004 ). Structures were minimized, subjected to one round of simulated annealing in vacuum with charges reduced to 20% of their original value, followed by simulated annealing with full charges in a generalized Born solvation model (Bashford and Case 2000) and subsequent energy minimization. All calculations were carried out on Intel Xeon processors with eight processor cores running under CentOS Linux (Kernel 2.6.24.2). An ensemble of 20 conformers with lowest combined restraint violations was selected for further analysis. Input data and structure calculation statistics are summarized in Table 1 . The quality of the structural ensemble was evaluated with PROCHECK-NMR (Laskowski et al. 1996) and visualized with MOLMOL (Koradi et al. 1996) . The 3D coordinates and experimentally derived restraints of sYuaF have been deposited in the RCSB Protein Data Bank with accession code 2K14. In Fig. 2b the lowest energy conformer is shown in ribbon representation. The protein sYuaF comprises of an extended N-terminal a-helix followed by a five-stranded {i-barrel that arranges in a topology reminiscent of the oligonucleotide/oligosaccharide-binding-(OB)-protein fold (Murzin 1993) .
The five fJ-strands form a closed fJ-barrel structure with a 1-2-3-5-4-1 topology characteristic for the OB-fold with secondary structure elements ranging from fashion with fJ2 and fJ4, however, the anti-parallel section between fJl and fJ4 is rather short compared to canonical OB-fold proteins. The same holds true for the anti-parallel arrangement between fJ2 and fJ3, instead, {n forms an (Fig. 3a) and show, in agreement 
Backbone flexibility
We have measured eH}_t5N heteronuclear NOEs in order to characterize the backbone flexibility of sYuaF (Fig. 3b ) (Kay et al. 1989 ). The ps-ns flexibility perfectly matches the structural organization of this protein domain. Most of the fj-barrel core of sYuaF shows heteronuclear NOEs between 0.7 and 0.8 indicating high order parameters of a rigid protein structure with the loop regions displaying the lowest and the well-aligned fj-strands showing the highest The N-terminal a-helix of sYuaF shows an interesting behaviour in that its flexibility almost linearly decreases when moving from the well-ordered Gl/ 2 towards the N-terminus. The linker region between the a-helix and the fjI-strand is rigid with heteronuclear NOEs similar to those found in the fjl-fj2-and fj4-[J5-hairpin loops. Flexibility comparable to the irregular loop from residue 43-47 is The intensity ratio between spectra with and without IH saturation is given as a function of residue number. The cartoon on top of the figure shows the location of secondary structure elements. (c) Superposition of the C-terminal domains of sYuaF from B. subtilis (cyan) and the NfeD homolog Ph0471 from P. horikoshii (magenta, PDB code: 2EXD). Both proteins display a striking similarity of their fJ-sheet cores despite very low homology at the level of primary structure. In contrast to s YuaF, Ph0417 has an unstructured N-terminus. This region has therefore been omitted for clarity reached in the N-terminal a-helix at residue Arg16. The orientation of the N-terminal a-helix with respect to the /3-barrel core is thus relatively well defined with at least nine strong NOEs between residues Arg2t, Gly22, and Arg 23 of the N-terminus and Ile 41 , Leu 67 , Val 68 and lIe 71 of the core locking the linker and the first two helical residues in position. The N-terminal part of the a-helix extends away from the protein core. Due to the lack of long-range NOEs the orientation of the a-helix is less well defined towards the N-terminus. We find a number of additional NOEs down to residue Glu 17 , however, these are relatively weak suggesting conformational averaging and a decreasing structural definition towards the N-terminus.
Discussion and conclusions
We report in this article the high-resolution solution structure of YuaF's soluble C-terminal domain, sYuaF, derived from NMR data. In addition, assignments are provided for the first six residues which originate from the MBP-fusion construct used to express and purify sYuaF. According to our structural analysis, the soluble domain of YuaF from B. subtilis belongs to the diverse class of OB-fold proteins which are most frequently found to be involved in the binding and processing of single-stranded nucleid acids or oligosaccharides (Theobald et al. 2003) . Less frequently, OB-fold proteins have been described that take part in protein-protein interactions (Bochkareva et al. 2005) .
The structure of YuaF's C-terminus deviates from the canonical OB-fold in several respects: The a-helix, usually connecting the /33-and /34-strands, is absent in sYuaF. In addition, sYuaF's first /3-strand does not form an extensive anti-parallel /3-sheet with the fJ4-strand resulting in a rather short part of the /3-barrel that is really closed. An interesting extension to the OB-fold is the N-terminal a-helix of sYuaF that points away from the protein core and potentially forms a more or less rigid spacer between the fJ-barrel and the transmembrane part of full-length YuaF. This helix is dominated by polar amino acids. We therefore assume that it is not involved in di-or multimerization of YuaF at the membrane. The sYuaF construct used here does not show any sign of oligomerization, neither from NMR nor from gel filtration.
The "fraying out" of this N-terminal helix in the structural ensemble is a natural consequence of the sole presence of helical NOEs that do not extend beyond residue i+4. However, this part of the structure appears to be indeed less stable documented by the reduced {IH}_15 N-NOE and by the broadening of backbone amide signals of Met 4 , Leu 5 , Ser 7 , Ser 8 , Ala 9 , and Gly22 at the beginning and the end of sYuaF's N-terminal a-helix already at room temperature as observed in the 15N HSQC spectrum. The NfeD protein family is a diverse class of proteins attributed with a variety of putative functions (Green et al. 2004) . In prokaryotes, SPFH proteins of the reggielfiotillin and stomatin families are almost always found in operon structures together with an NfeD protein, however, there is considerable variability in the amino acid sequences of these NfeD proteins and their function as well as that of their associated SPFH proteins is largely unclear.
Secondary structure predictions suggest that all SPFHassociated NfeD proteins are composed of fJ-structure in their soluble cytoplasmic C-termini, however, only one 3D structure of an SPFH-associated NfeD protein, Ph0471 from the archaeon P. horikoshii, has been deposited in the PDB, so far (Kuwahara et al. 2005 , PDB code: 2EXD, to be published). We present here the second representative high resolution structure of this region.
With respect to their primary structure, s YuaF and Ph047 I are only distantly related showing a sequence identity of only 21 %. Our solution structure of s YuaF reveals a striking similarity of the fJ-barrel core of both proteins (Fig. 3c) . The secondary structure matching tool SSM (http://www. ebi.ac.uklmsd-srvlssm/) reports a Ca-r.m.s.d of 1.78 A when fitting 58 residues of sYuaF, from Glu l ? to Ile 84 , with four short gaps onto the structure ofPh0471 (Krissinel and Henrick 2004) . In combination with sequence alignments and results from secondary structure predictions this strongly supports our hypothesis that all SPFH-associated NfeD proteins are structurally similar and adopt the OB-fold. Currently, the biological function of SPFH-associated NfeD proteins is unknown; however, the finding that SPFH-associated NfeD proteins belong to the OB-fold family may be an important hint on the way to elucidate their function. The vast majority of OB-fold proteins are involved in recognizing single-stranded nucleic acids or oligosaccharides (Theobald et al. 2003) . In this context, it is noteworthy that both SPFH-associated NfeD proteins structurally characterized so far, display several aromatic amino acid side chains to the solvent (cf. Fig. 3a) . These residues are predestined to be involved in interactions with ligand molecules, either by stacking interactions with nUcleobases or by contacting the hydrophobic patches of monosaccharide building blocks. To identify the ligands of these NfeD proteins will be the major objective of further studies and will be key to understanding the functional network of NfeD and SPFH proteins.
